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Filling knowledge gaps in a threatened shorebird flyway 
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1.	 Satellite-based	 technologies	 that	 track	 individual	animal	movements	enable	 the	
mapping	of	their	spatial	and	temporal	patterns	of	occurrence.	This	is	particularly	















4.	 Site	knowledge	from	on-ground	studies	 in	the	Flyway	 is	most	complete	for	the	
Yellow	Sea	and	generally	lacking	for	Southeast	Asia,	Southern	China	and	Eastern	
Russia.
























Here	 we	 examine	 how	 satellite	 tracking	 can	 provide	 compre-
hensive	distributional	data	 to	 inform	conservation	policy	 in	poorly	
studied	 coastal	 ecosystems,	 some	of	which	are	highly	 threatened.	
Intertidal	habitats	along	the	shores	of	East	and	Southeast	Asia	con-
tain	 rich	 biodiversity	 and	 provide	 unique	 ecosystem	 services	 and	
livelihoods	 to	 many	 people	 (Ma	 et	 al.,	 2014;	MacKinnon,	 Verkuil,	
&	Murray,	 2012).	Additionally,	 they	 are	used	by	millions	of	migra-
tory	 shorebirds	 in	 the	 East	 Asian–Australasian	 Flyway	 (EAAF)	 for	
refuelling	 and	 resting	 during	 their	 long	 annual	 journeys	 between	
northern	breeding	 areas	 and	 southern	 coastal	 non-breeding	 areas	
(MacKinnon	 et	 al.,	 2012).	 However,	 these	 intertidal	 habitats	 are	
currently	 threatened	 by	 human	 activities	 such	 as	 habitat	 change,	
over-fishing,	 pollution,	 biological	 invasions	 and	 rising	 sea	 levels	




structure	 development	 and	 aquaculture	 (Murray,	 Clemens,	 Phinn,	
Possingham,	&	Fuller,	2014;	Piersma	et	al.,	2016).	Moreover,	 these	
coastal	habitats	are	often	 severely	polluted	and	 increasingly	over-















uralists	 and	 citizen	 scientists	 (Smart,	 1976).	 Long-term	 count	 data	
and	 citizen	 science	 data	 are	much	 less	 common	 in	 East	Asia	 than	
in	 the	developed	nations	 of	 Europe	 and	North	America	 (Chandler	









importance	 in	 the	EAAF,	we	 tracked	 the	migration	of	 great	 knots	
(Calidris tenuirostris),	 a	 shorebird	 species	 that	 is	 fully	 dependent	




Furthermore,	we	evaluate	 the	utility	 of	 satellite	 tracking	 as	 a	 tool	
to	 fill	 gaps	 in	conservation	knowledge	by:	 (a)	examining	 if	 the	dis-
tribution	of	 the	 tracked	 individuals	 represents	 that	of	 the	popula-
tion,	 through	 ground	 surveys	 for	 great	 knots	 at	 sites	with	 few	 or	
no	survey	data;	(b)	assessing	whether	the	number	of	stopping	sites	
found	is	limited	by	our	sample	size;	and	(c)	measuring	knowledge	gain	
through	 a	 tally	 of	 sites	 newly	 discovered	 from	 tracking	 (i.e.	 those	






K E Y W O R D S
East	Asian–Australasian	Flyway,	great	knot,	intertidal	mudflats,	migration,	satellite	telemetry,	
Southeast	Asia,	stopover	site,	Yellow	Sea
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2  | MATERIAL S AND METHODS
2.1 | Study species
Great	 knots	 are	 distributed	 widely	 across	 the	 EAAF	 (BirdLife	
International,	 2016).	More	 than	 90%	 of	 the	 population	 spend	 the	
non-breeding	season	in	Australia	(Hansen	et	al.,	2016)	and	they	mi-
grate	annually	 to	breed	 in	Eastern	Russia	at	 latitudes	greater	 than	




as	 globally	 “Endangered”	on	 the	 IUCN	Red	List,	 reflecting	 a	 sharp	
population	 decline	 attributed	 to	 the	 loss	 and	 degradation	 of	 sites	
































at	120	km/hr	 for	 the	maximum	sustainable	 rate	of	movement	and	
10	km	for	minimum	redundant	distance.	We	then	classified	the	fil-
tered	locations	as	either	“flight”	or	“stationary”.	“Flight”	included	all	




into	 distinct	 sites	 by	 region	 using	 hierarchical	 clustering	 analysis	
with	function	NbClust	in	the	“NbClust”	R	package	(Charrad,	Ghazzali,	
Boiteau,	 &	 Niknafs,	 2014).	 We	 used	 the	 “Complete”	 aggregation	
method	(Sørensen,	1948),	and	the	silhouette	index	to	determine	the	














number	 of	 sites	 discovered	 per	 region	 and	 the	 number	 of	 satel-
lite	 transmitters	 deployed.	 The	mean	 site	 accumulation	 curve	 and	
its	 standard	 deviation	were	 obtained	 from	1,000	 permutations	 of	





called	 “staging	 sites”	 and	 those	where	 birds	make	 short	 stops	 are	
called	 “stopover	 sites”	 (Piersma,	 1987;	Warnock,	 2010),	we	 found	
that	 a	 site	 could	 potentially	 host	 some	 individuals	 making	 short	
stops	and	some	staying	 for	weeks.	Therefore,	we	 refer	 to	all	 sites	
that	birds	stopped	for	more	than	two	hours	as	“stopping	sites”.	To	
calculate	 arrival	 times,	 we	 identified	 the	 first	 “stationary”	 point	
at	a	 site.	 If	 the	previous	point	was	classified	as	 “flight”,	 the	arrival	
time	was	 estimated	by	 extrapolating	 the	 average	 speed	of	 a	 non-
stop	flight	over	the	intervening	great	circle	route	between	the	first	
“stationary”	point	and	the	previous	“flight”	point.	We	estimated	the	













2308  |    Journal of Applied Ecology CHAN et Al.
latitudinal	and	site	based.	All	stopping	sites	fell	into	four	geograph-
ical	regions	(Figures	1	and	2a):	(a)	Southeast	Asia	(11°S–20.2°N);	(b)	
Southern	 China	 (20.2–30.9°N,	 comprising	 the	 coastline	 from	 the	





the	 study	 area	 into	 14	 nearly	 equal	 latitudinal	 intervals.	Width	 of	
intervals	 varied	 slightly	 (4.9–6.5°),	 so	 regions	 and	 latitudinal	 inter-




migration	 tracks.	 For	 the	 documentation	 of	 arrival	 and	 departure	
times	and	stopping	durations,	we	excluded	individuals	that	did	not	
arrive	at	the	“next”	region.	At	the	site	level,	to	determine	sites	that	







during	 the	non-breeding	 season	 (i.e.	 “coastal	obligate	 species”	de-
fined	in	Conklin	et	al.,	2014;	see	Table	S1).	The	four	lists	are:	Zhang	
et	 al.	 (2017;	 the	most	 up-to-date	 listing	 of	 sites	 in	China	 that	 ful-
fil	the	Ramsar	Criterion	6	of	regularly	supporting	more	than	1%	of	
















radius	 circle	 of	 its	 central	 coordinates	 (also	 used	 in	Hansen	 et	 al.,	
2016)	 or,	 if	 the	 listed	 site	 was	 an	 Important	 Bird	 Area	 (IBA),	 we	








the	 threshold	 for	 listing	on	 three	of	 the	 lists	above.	For	other	un-
known	sites,	counts	were	reported	but	without	exact	species	counts	
and/or	 exact	 locations.	 We	 investigated	 whether	 unknown	 sites	
are	 less	 intensely	used	by	shorebirds,	which	could	make	them	less	
likely	to	be	discovered	during	brief	bird	surveys.	Within	each	region,	












observers	 with	 20–60×	 spotting	 scopes	 surveying	 approximately	
0.4–14.2	km2	of	mudflat	per	site.	The	surveys	were	limited	by	time	






we	 identified	 a	 total	 of	 92	 stopping	 sites	 along	 the	 EAAF	 with	
















(Figure	 2).	 During	 northward	 migration,	 all	 individuals	 stopped	 in	
Southern	China	 for	9.4	±	3.5	days,	 but	none	were	detected	 there	
during	 southward	 migration	 (Figure	 2).	 All	 individuals	 used	 the	
Yellow	Sea,	stopping	there	for	33.0	±	7.7	and	29.1	±	8.0	days	during	
northward	and	southward	migration,	respectively	(Figure	2).	During	






Latitudinal	 intervals	 within	 regions	 that	 were	 most	 frequently	
visited	 (i.e.	 by	 85%–100%	 of	 tracked	 individuals)	 were	 20.2–26°N	














important	 for	 “coastal	 obligate”	 shorebirds;	 the	 rest	 (63%)	were	
unknown	 (Figures	 1	 and	 4,	 Table	 S2).	 In	 the	 relatively	 intensely	
surveyed	Yellow	Sea,	relatively	few	sites	were	unknown	(9	of	23;	
39%)	of	which	five	were	in	North	Korea	(Figures	1	and	4).	For	the	
other	 regions,	 the	 majority	 of	 sites	 that	 great	 knots	 used	 were	
unknown:	53%	of	the	sites	in	Russia,	56%	in	Southern	China	and	
100%	 in	 Southeast	 Asia	 (Figure	 4).	 All	 20	 individuals	with	 com-
plete	migration	tracks	stopped	at	one	or	more	unknown	sites.	The	
degree	of	usage,	measured	by	the	number	of	individuals	stopping	
and	 their	 stopping	duration,	 did	not	differ	 significantly	between	
known	 and	 unknown	 sites	 in	 Southern	China	 (U	 =	 53,	p	 =	 .144;	
F1,45	=	1.52,	p	=	.224;	Figure	5).	In	the	Yellow	Sea	and	Russia,	more	
great	knots	stopped	at	known	sites	(U	=	25.5,	p = .015; U	=	23.5,	

















Australia	 to	 the	 Southern	 China	 coast	 and	 stopped	 there	 before	
continuing	north	towards	the	Yellow	Sea.	Moreover,	tracked	birds	
arrived	at	the	Yellow	Sea	(Table	S3)	 later	than	what	was	reported	
from	 earlier	 on-ground	 observations:	 Battley	 et	 al.	 (2000)	 re-
ported	the	first	great	knots	being	captured	at	Chongming	Dongtan	




at	 Chongming	 Dongtan	 arrived	 there	 during	 28	 March–28	 April	
2012	(Ma	et	al.,	2013).
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We	recognize	that	the	 increased	load	and	drag	from	the	trans-
mitters	 (Pennycuick,	 Fast,	 Ballerstaedt,	 &	 Rattenborg,	 2012)	 may	
have	 caused	 the	 birds	 to	 reduce	 their	 non-stop	 flight	 distances.	
External	devices	are	known	to	handicap	birds	 (Barron	et	al.,	2010;	
Chan	et	al.,	2016;	Hupp	et	al.,	2015).	Accordingly,	the	great	knots	in	
this	 study	showed	 lower	survival	 (0.51,	95%	CI:	0.38–0.65)	during	
their	first	year	of	carrying	a	transmitter	compared	to	birds	without	
a	 transmitter	 (0.75,	 0.64–0.83;	Appendix	 S1).	 This	 difference	may	
have	been	caused	by	tagged	birds	being	less	agile	in	flight	and	thus	












the	 level	 of	 detail	 as	 of	 satellite-tracked	 birds;	 Lisovski,	 Gosbell,	
Hassell,	 et	 al.,	 2016)	 and	 arrival	 dates	 at	 the	 northern	Yellow	 Sea	
(36.5–41.5oN)	 during	 northward	 migration	 do	 not	 differ	 between	
geolocator-tracked	birds	(19	April	±	9	days,	n	=	6,	excluding	a	late	bird	
which	arrived	on	10	June)	and	satellite-tracked	birds	(25	April	±	11	
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days,	n	=	19;	Mann–Whitney	U	=	38,	p	=	.25;	note	that	none	of	the	six	
geolocator-tracked	birds	stopped	in	the	southern	Yellow	Sea).
Stopping	 patterns	 of	 the	 geolocator-tracked	 birds	 (Lisovski,	










sibly	as	a	 response	 to	 the	destruction	and	deterioration	of	Yellow	
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Sea	 habitats	 (Murray	 et	 al.,	 2014;	 Zhang	 et	 al.,	 2018).	 However,	
the	lack	of	historical	data	from	Southeast	Asia	and	Southern	China	
prevents	further	 interpretation.	Nevertheless,	the	pattern	of	great	














great	 knot	 stopping	 sites	 independent	 of	 ground	 survey	 efforts.	
Likewise,	 our	 list	 contains	 sites	 that	 are	 potentially	 important	 for	
other	coastal	obligate	shorebird	species.	The	general	co-occurrence	
of	 great	 knots	with	 these	other	 species	may	be	explained	by	 their	
shared	prey	preferences	(Choi	et	al.,	2017;	Yang	et	al.,	2013)	and	the	
fact	that	productive	mudflats	contain	high	densities	of	benthos	and	
biofilm	 and	 the	 shorebirds	 that	 feed	 on	 them	 (Mathot,	 Piersma,	&	
Elner,	2019).
The	 conventional	 thinking	 that	 conservation	 priorities	 should	
be	placed	at	sites	with	high	concentrations	of	birds	and	where	birds	
stop	the	longest	(the	staging	sites	sensu	Warnock,	2010),	is	in	accor-
dance	with	our	 finding	 that	 the	sites	used	by	more	than	one-third	




the	 bulk	 of	 the	 population	 faces	 unknown	 conditions	 and	 threats	
during	 part	 of	 their	 migration.	 Although	 stops	 at	 unknown	 sites	




the	exhaustion	of	 long	non-stop	flights	 (see	discussion	 in	Piersma,	
2011),	for	example,	to	catch	up	on	sleep	(e.g.	Moore,	2018;	Schwilch,	
Piersma,	Holmgren,	&	Jenni,	2002).	Moreover,	they	may	provide	al-







traditionally	 been	discovered	 through	 ground	 surveys.	 Sites	 that	
were	unknown	before	our	study	likely	lacked	surveys	and	observ-





birds	 that	 stop	 only	 briefly,	which	might	 explain	why	 some	 sites	
within	 the	comparatively	well-studied	Yellow	Sea	were	unknown	
before	our	study.	Satellite	tracking	data	can	help	by	focusing	sur-
vey	efforts	during	periods	with	 the	greatest	 chances	of	 encoun-
tering	 birds.	 Moreover,	 a	 major	 advantage	 of	 satellite	 tracking	
over	 geolocation	 (a	 method	 commonly	 used	 to	 track	 small	 bird	
species,	 see	 Lisovski,	Gosbell,	Christie,	 et	 al.,	 2016	 for	 an	exam-
ple	to	 identify	 important	areas	for	conservation)	 is	that	potential	
roosting	and	feeding	areas	within	a	large	area	can	be	located	from	




tensive	 Liaohe	Estuary	 and	 Inner	Gulf	 of	 Liaodong	 in	 the	Yellow	
Sea,	 and	 discovered	 c.	 60,000	 great	 knots	 at	 Gaizhou	 in	 2015	




Tracking	 data	 can	 help	 interpret	 counts	 from	 ground	 surveys.	
While	current	conservation	listings	are	based	on	counts,	the	propor-
tion	of	tracked	birds	using	a	site	provides	a	complementary	measure	
























p = .05 p = .02
Russia p = .05 p = .04
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of	 numerical	 significance.	 For	 example,	 the	 33%	 of	 tracked	 birds	





great	knots	 stopping	 there	was	estimated	 to	be	1.8–2.7	 times	 the	
maximum	count	 if	 corrected	 for	 turnover	 rate	 (Appendix	S2).	This	
improved	estimation	of	stopping	population	size	can	make	a	differ-
ence	 in	whether	 sites	meet	 the	criteria	 for	 listing	as	Ramsar	 sites,	
IBAs	or	EAAF	Partnership	Flyway	Sites.
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